The GD2 ganglioside is a cell-surface component that appears on the surface of metastatic melanoma cells and is a marker for the progression of the disease. The ME36.1 monoclonal antibody binds to the GD2 ganglioside and has shown potential as a therapeutic antibody. ME36.1 is a possible alternative therapy to radiation, which is often ineffective in late-stage melanoma. The crystal structure of the Fab fragment of ME36.1 has been determined using molecular replacement and refined to an R factor of 20.4% at 2.8 Å resolution. The model has good geometry with root-mean-square deviations of 0.008 Å from ideal bond lengths and 1.7°from ideal bond angles. The crystal structure of the ME36.1 Fab shows that its complementarity determining region forms a groove-shaped binding site rather than the pocket-type observed in other sugar binding Fabs. Molecular modeling has placed a four-residue sugar, representative of GD2, in the antigen binding site. The GD2 sugar moiety is stabilized by a network of hydrogen bonds that define the specificity of ME36
INTRODUCTION
Cell-surface carbohydrates are important as recognition elements as well as markers for disease, and much effort has been devoted to understanding the specificity and affinity of proteins for carbohydrates. Carbohydrates have great inherent flexibility, which allows them to adopt a wide range of stereoisomers (Vyas, 1991; Quiocho, 1986) . Gangliosides are a particular class of cell-surface glycolipids that are distinguished from other glycolipids by the presence of sialic acid residues and that are expressed on most cells. Although the function of gangliosides is not clearly known, they appear to be involved in cell-tocell signaling or cell-to-substrate interactions that regulate cell growth. Normally, melanocytes, which are pigment-forming cells, express GM3 as the most prominent ganglioside. As the transformation to a cancerous cell commences in melanoma, the distribution and type of gangliosides on the cell surface start to change. This alteration is due to the triggering of glycosyltransferases that add additional sugars to GM3 to form gangliosides such as GD2, 9-O acetylated GD3, GM2, and GD3 (Ravindranath et al., 1989) . As these gangliosides are highly expressed on malignant melanoma cells (Thurin et al., 1987) , their appearance on the cell surface signals the progression of the disease.
The GD2 and GD3 gangliosides are being used as target antigens for immunotherapy as an alternative to other treatments, such as radiation therapy, that have not been very effective in treating melanoma in its later stages (Herlyn and Koprowski, 1988; Tai et al., 1985; Thurin et al., 1987; Iliopoulos et al., 1989) . Monoclonal antibodies can be used in immunotherapy against melanoma to identify and eliminate micrometastases and so prevent further spread of the disease (Herlyn and Koprowski, 1988) . The ME36.1 mouse monoclonal antibody (IgG2a) recognizes the GD2 ganglioside and, with lower affinity, the GD3 ganglioside (Fig. 1 ). ME36.1 can inhibit tumor growth and metastatic spread of melanoma in nude mice (Iliopoulos et al., 1989) . Clinical trials with the antibody in 13 patients with melanoma gave encouraging results, and 1 patient had complete remission for over a year (Iliopoulos et al., 1989) .
Structural studies on ME36.1 were undertaken to understand the specific interactions between the antibody and the therapeutically targeted GD2 ganglioside. Moreover, it has been recognized that rodent antibodies such as the ME36.1 mouse antibody, when used as an immunotherapeutic, elicit an immune response that results in the rapid clearance of the antibody from the human patient (Mayworth and Quintá ns, 1990; Waldmann, 1991) . Thus, stud-ies are under way to ''humanize'' the ME36.1 antibody by grafting the mouse complementarity determining region (CDR) loops, which define the antigen binding site, onto a human antibody framework. This potentially increases the effectiveness of the antibody in immunotherapy by making it less immunogenic. However, attempts to humanize the antibody have so far decreased its binding affinity (Dr. G. A. Luckenbach, personal communication) . Since the framework residues surrounding the CDR loops are important for the correct folding of these loops (Chothia et al., 1989) , a crystal structure for ME36.1 Fab should reveal which framework residues are important for loop conformation. These residues could then be altered in the variable region of the humanized antibody so that the correct conformation of the CDR graft is maintained and the affinity of the antibody for its antigen is not reduced.
Crystals of the native ME36.1 Fab were obtained, a complete diffraction data set to 2.8 Å resolution was collected, and the structure was solved. A model of the GD2 carbohydrate (Fig. 2) then was used to investigate the types of interactions that could occur between the side chain residues in the binding site of the Fab and the sugar. The results suggest a mode of binding that is consistent with the types of interactions seen in other protein-carbohydrate structures.
MATERIALS AND METHODS

Data Collection
The purification and crystallization of the ME36.1 Fab fragment and attempts at cocrystallization of the Fab with the extracellular portion of GD2 have been described previously (Pichla et al., 1995) . The modified form of GD2 was produced by enzymatically removing its ceramide group to produce a soluble antigen. Crystals of the Fab were grown in 30% PEG 4000, 1% MPD, and Tris buffer at pH 7.5. The crystals belong to the monoclinic space group P2 1 , with unit cell dimensions a 5 37.6 Å, b 5 94.1 Å, c 5 67.4 Å, and b 5 101.0°. Diffraction data sets were collected from six native crystals on a Siemens-Nicolet X100-A multiwire area detector. The X-ray source was a Rigaku RU200 rotating-anode generator, equipped with a double mirror focusing system (Supper) and operated at 40 kV and 65 mA. The crystals diffract to 2.5 Å resolution but, as the intensity falls off sharply after 2.8 Å, data collection was limited to the lower resolution. The data collection statistics are presented in Table I .
Structure Determination
The structure of Fab ME36.1 was solved by molecular replacement using the X-PLOR program package (Brü nger, 1992a) to carry out the rotational and translational searches. The Fab portion of the galactan binding J539 Fab structure (Suh et al., 1986) was used as a search model to determine the orientation and position of the ME36.1 Fab in the unknown crystal environment. The J539 Fab was chosen as the search model due to its high sequence similarity to ME36.1 in the heavy (V H ) and light chain (V L ) variable regions, with 42% homology for V H and 74% homology for V L . Both Fab molecules have a k constant region in FIG. 1. Chemical formulas for the GD2 and GD3 gangliosides. Both consist of carbohydrate chains forming a head group, which is linked to a ceramide group (Cer) that lies in the outer cell membrane. The only difference between the two glycolipids is a branched N-acetylgalactosamine (GalNAc) in the GD2 sugar.
FIG. 2.
Schematic of the four-residue sugar used in the modeling to represent GD2. The unusual a2-8 linkage between the two sialic acid (NeuNAc) residues occurs between the C2 of one sugar and the C8 of the hydroxyl in the other. The galactose (Gal), which is attached to the ceramide group in GD2 (Fig. 1) , links the second sialic acid residue and the N-acetylgalactosamine (GalNAc). a Six data sets, collected on a Siemens-Nicolet X100-A area detector and reduced and merged with XDS (Kabsch, 1988) .
b R-sym 5 o 0 I 2 ,I .0/oI. I, observed intensity and ,I. the average intensity of multiple measurements of symmetry related reflections.
the light chain (C L ). The heavy chain constant region (C H1 ) of J539 belongs to a class different from that of ME36.1.
A real-space rotation was performed with X-PLOR using the variable and constant domains of the model separately. The whole Fab also was used, taking advantage of the option in the program to vary the ''elbow angle'' between the variable and the constant domains. The J539 search model was placed in an orthorhombic unit cell with dimensions 120 3 120 3 150 Å, so that the cell was twice the size of the Fab molecule in each direction. Structure factors were calculated for the model, and the Patterson map corresponding to the crystal was calculated by fast Fourier transformation on a 1.0-Å grid. The radius of integration for the rotation function was 45 Å. The orientations of the search model were sampled using Lattman (1972) angles: u 2 5 0-720°, u 2 5 0-90°, u 1 5 0-360°at a sampling interval of 2.5°. The highest 1000 peaks from the Patterson search at 6.0-3.0 Å (I $ 2s) were listed and sorted according to peak height. Those rotations that were within 10°from one another were clustered and the condensed set of orientations was used to provide starting points for Patterson correlation refinement (PC refinement) (Brü nger, 1990) .
The model orientations that gave the highest correlation value after PC refinement were similar for the constant and variable domains and for the whole Fab molecule (Table II) . In all three cases, the highest correlation value obtained was well above that for other possible orientations. The translation search was also performed with each of the three oriented and PC-refined molecules. The origin along the twofold axis in space group P2 1 is arbitrary; therefore, the translation search was limited to the x-z plane. Sampling intervals of 0.125 Å in x and z were used in the grid search, which was restricted to the asymmetric unit (0 # x # 1.0, 0 # z # 0.5). The highest values obtained in the translation searches for the constant and variable regions and for the whole Fab were 7.6, 9.3, and 9.5 s above background, respectively. These maxima correspond to similar translations for all three search models (Table II) . The final correlation value for the whole Fab was 0.367, with an R factor of 44% [R factor 5 (o hkl 0 F o 2 kF c 0 )/o hkl 0 F o 0 , where F o and F c are the observed and calculated structure factors, respectively]. The correctly oriented and translated whole J539 Fab was used as the basis for further refinement.
The first step was to perform molecular dynamics refinement with a molecular model based on the J539 Fab, against the ME36.1 diffraction data using reflections from 6.0 to 3.0 Å resolution (7884 reflections with F o $ 2.0 s). Since the sequences for the J539 and ME36.1 were so similar, the side chain residues of the variable (V L and V H ) domains of J539 were not removed during the first round of refinement. As the C H1 domains belong to different classes, their side chains were changed to polyalanine residues to avoid any bias. The CDR loops were also removed in the initial model. At this early stage of refinement, the isotropic temperature factors were set to a constant value of 19 Å 2 .
The model was prepared for molecular dynamics by first minimizing the total energy, while removing all inappropriate contacts, by subjecting the model to one round of positional refinement of the individual atoms with 140 steps of Powell conjugate gradient minimization (Brü nger et al., 1987 . The R factor for the model dropped from its initial value of 44 to 28%. The model was then further refined by simulated annealing (SA) using a slow-cooling protocol. This refinement step was accomplished by first raising the model to a starting temperature of 3000 K, cooling it to 300 K in 50 integration steps of 0.025 psec, and performing a further round of positional refinement. The R factor after SA refinement was 24%.
After the initial refinement, 2F o -F c difference maps were calculated with the restricted 6.0-to 3.0-Å data (F o $ 2s). The previously omitted residues within the CDR loops, and the side chains of the variable (V L and V H ) and C H1 regions, were manually built into the map using the ME36.1 sequence only where the electron density was clearly interpretable. This model was improved by alternating cycles of refinement and manual rebuilding using the program FRODO (Jones, 1982) on an Evans and Sutherland PS350 vector graphics display. Isotropic temperature factors (B factors) were kept constant for the first rounds of manual rebuilding and refinement until most of the residues had been placed in the model, after which they were refined by alternating rounds of minimization and restrained B-factor refinement to an R factor of 20.9%.
At this stage, the resolution limits were extended to include data from 8.0 to 2.8 Å resolution, and 10 355 reflections (F o $ 2s) were used for several more rounds of refinement. A test set, consisting of 10% of the observed data (1035 reflections), then was extracted from the reflection file for the calculation of R free (Brü nger, 1992b). Any bias was removed by one round of simulated annealing using the remaining reflections. At this stage, the R factor was 19.0%, and R free was 33.1%. Refinement was then alternated with model-building in 2F o -F c difference maps calculated using 20.0-to 2.8-Å data (F o $ 2s). The Engh and Huber (1991) topology and parameter files also were introduced. This resulted in an improvement in the stereochemistry of the model, with a substantial decrease in R free (31.0%) and an increase in the R factor (21.1%).
Assignment of the water molecules in the Fab structure was not attempted until the Fab model was well-refined to an R factor of 21%, with good stereochemistry indicated by the rms deviations of bond lengths and angles and by the Ramachandran plot. The water molecules were located by using the program PEAKMAX in CCP4 (1994) to select those electron-dense peaks that were .3s above background in an F o -F c difference map. The program WATPEAK (CCP4, 1994) then selected only those that were within 3.6 Å from an atom in the Fab molecule, giving a total of 99 water molecules. These candidates were examined graphically and those that did not have good density in 2F o -F c difference maps (at least 2s), along with hydrogen bond interactions with side chain or main chain atoms, were deleted to leave 45 waters. The model then was subjected to another round of refinement with the values of occupancy and B factor for the water molecules set to unity and 15 Å 2 . Examination of the model after refinement showed that most of the water molecules maintained both good density and their hydrogen bond interactions. The exceptions were deleted, leaving 34 water molecules in the structure.
The elbow angle for the ME36.1 Fab was determined using the program O (Jones et al., 1991) to find the rotation matrix for the least-squares superposition of the heavy chain variable domain atoms onto those of the light chain variable domain, and similarly for the constant domains, and then calculating the angle between the two rotation axes. 
Modeling of a Sugar in the ME36.1 Antigen Binding Site
A four-residue model sugar (Fig. 2) , representative of GD2 (Fig.  1) , was built using Quanta (1989) on a Silicon Graphics workstation. The sugar contains two sialic acid residues (NeuNAc), galactose (Gal), and an N-acetylgalactosamine (GalNAc) residue. The sugar was minimized to a local energy minimum by conjugate gradient minimization adapted for CHARMM (Brooks et al., 1987) to obtain a sterically correct starting model with which the ME36.1 binding site could be explored.
The starting model for the sugar was adjusted to conform to the antigen binding site by manually placing it in several positions in the middle of the site and evaluating the fit. The conformation of the sugar was then adjusted to maximize favorable interactions, while avoiding molecular overlaps. One position that created extensive hydrogen bond interactions between the sugar and the side chain residues in the binding site was found. The position and molecular interactions were optimized further by several cycles of conjugate gradient minimization without imposing constraints on either the sugar or the Fab molecules.
RESULTS
The ME36.1 Fab structure was determined by molecular replacement and refined to 2.8 Å resolution. The refinement statistics are shown in Table  III . The final R factor of the model is 20.4% for 10 355 reflections (F o $ 2s) in the resolution range 8.0-2.8 Å. The final R free value is 32.6%. The corresponding values for R factor and R free using the complete diffraction data without sigma cutoff (14 677 reflections) were 21.1 and 32.8%. The root-mean-square deviation from ideality in bond lengths is 0.008 Å and for bond angles is 1.7°. The average B factors for each domain are V L 22.9 Å 2 , V H 24.7 Å 2 , C L 24.4 Å 2 , and C H 25.1 Å 2 . The electron densities for the entire light chain and the variable region of the heavy chain are of good quality. The density for the heavy chain constant region is poorer, so that two loop regions in the C H1 domain (H129-H135, H158-H161) could not be fitted to the electron density and are presumed to be highly disordered. Disorder in these regions has been observed for other Fab structures (Stanfield et al., 1990; Pokkuluri et al., 1994) . Apart from these gaps, all but five amino acid side chains (Ser H136, Leu H139, Ser H157, Val H170, Lys H209) could be placed in density. Most of these residues are solvent exposed or occur at the beginning or the end of a gap.
A Ramachandran plot (Ramachandran and Sasisekharan, 1968 ) of the (f, c) dihedral angles (not shown), prepared using the program PROCHECK (Laskowski et al., 1993) , indicated that 99% of the 411 residues (213 in the light chain, 198 in the heavy chain) fall in allowed regions. Three of the five residues in the disallowed region are in the loop regions (Thr L50, Asn H54, Asn H156) and 2 lie at the end of the heavy chain (His H200, Pro H201).
The ME36.1 Fab structure (Fig. 3) has the immunoglobulin fold common to all Fab structures. The value of 149.6°for the elbow angle between the variable and constant domains falls within the range for other Fab structures (Suh et al., 1986) . The antigen binding site is formed by the six CDR loops H1, H2, H3, L1, L2, and L3 (Fig. 3) . The antigen binding site is approximately 20 Å long (perpendicular to the V H :V L interface), 10 Å wide, and 8 Å deep. The dimensions are consistent with a groove-type binding site (Cisar et al., 1975) (Fig. 4a) , as opposed to the pocket-like binding site seen in the sugar binding Salmonella O-antigen binding Fab (Cygler et al., 1991) (Fig. 4b) . The L3 and H3 loops are in the middle of the binding site and form the bottom of the groove. The binding site contains eight aromatic residues, four phenylalanines (Phe L95, Phe L97, Phe H64, Phe H101), and four tyrosines (Tyr L93, Tyr H32, Tyr H60, Tyr H95). Phe L95, Phe L97, and Phe H101 form an aromatic pocket in the binding site, with Phe L97 at the bottom of this pocket (Fig.  5) . A high proportion of the other antigen binding site residues are neutral amino acids, but there are several charged residues that occur within and immediately surrounding the binding site (His H35, Asp H50, His L33, Arg L90).
In order to characterize the binding of ME36.1 to GD2, crystallization of the complex was attempted. This was dependent on obtaining a soluble form of the GD2 antigen, which was accomplished by enzymatic digestion of the ganglioside with ceramide glycanase to cleave the ceramide group from the antigenic carbohydrate portion of GD2 (Li and Li, 1989; Pichla et al., 1995) . Initial cocrystallization trials of the Fab with a soluble form of GD2 produced thin plate-like crystals, but additional trials failed to yield crystals with a size sufficient for diffraction. Attempts were also made to soak the soluble GD2 into native Fab crystals. Addition of small molar quantities of the carbohydrate over several days to b R free is the R factor for a test set of reflections, comprising 10% of the data, that was omitted from refinement.
c Deviations from ideal stereochemistry using parameters of Engh and Huber (1991) . the solution containing the native Fab crystals produced visible etching. The crystals also lasted longer and diffracted X-rays to a slightly higher resolution than the unsoaked crystals. Both observations indicate that structural changes were occurring in the crystals. However, difference maps, phased with the native ME36.1 model, had no interpretable density in the antigen binding site indicating that the sugar was present. In the absence of experimental results for the complex, the binding of the sugar in the antigen binding site was modeled, guided by structural information from other known protein-sugar crystal structures. The objective was to elucidate the potential sugar contacts and the analysis does not claim to provide a definitive description of the complex.
The carbohydrate portion of the GD2 ganglioside (GalNAcb1 = 4Gal[3 ; 2aNeuNAc8 ; 2aNeu-NAc]b1 = 4Glcb1 = 1Cer) (Fig. 1) contains five sugar residues (Thurin et al., 1987) : two negatively charged, sialic acid residues (NeuNAc), a galactose residue (Gal), an N-actetylgalactosamine residue (Cygler et al., 1991) , where the conformation of the antigenic sugar is known from the crystal structure of the complex. Both figures were created with GRASP (Nicholls et al., 1991) .
(GalNAc), and a glucose residue (Glc) that links to the ceramide group. Several observations identify the sialic residues as major contributors to the specific affinity of ME36.1 for GD2. This simplification made the modeling study a feasible task. The ME36.1 antibody has the highest affinity for GD2, but also cross-reacts with lower affinity to GD3 (NeuNAca2 = 8NeuNAca2 = 3Galb1 = 4Glcb1 = 1Cer) (Thurin et al., 1987) . The two sugars are identical except that GD2 contains a branched N-acetylgalactosamine (GalNAc) (Fig. 1) . For the ME36.1 antibody to cross-react with GD2 and GD3, and with no other ganglioside that contains a terminal sialic acid (NeuAc) residue, ME36.1 must be interacting with both sialic acid residues. The higher affinity for the GD2 ganglioside is most likely due to the additional interactions (hydrogen bonding, van der Waals, and stacking) provided by the GalNAc residue. Therefore, the sugar used as the model consisted of the two sialic acid residues, the galactose residue, and GalNAc. Other complex gangliosides contain sugars with a2-8-linked sialic acid residues but the additional sugars are linked to the GalNAc and have a longer branched chain than GD2, which presumably prevents them from binding to ME36.1.
FIG. 5.
The complementarity determining region. The stereo diagram of the CDR loops was created with SETOR (Evans, 1993) . The molecule (rotated ,60°clockwise from Fig. 4a ) is viewed looking down onto the antigen binding site. The heavy chain CDR loops (H1, H2, H3) are yellow, and the light chain loops (L1, L2, L3) are blue. The binding site is highly aromatic, with four phenylalanines (Phe H64, Phe H101, Phe L95, Phe L97) and four tyrosine residues (Tyr H32, Tyr H60, Tyr H95, Tyr L93). An aromatic pocket in the binding site is created by residues Phe L95, Phe L97, and Phe H101. Although the amino acids in the binding site are mostly neutral, several are charged (Asp H50, Arg L90, His H35, His L33). There were several clues to where the sugar should be placed in the antigen binding site. It is known that iodination of the tyrosines in ME36.1 antibody destroys its ability to bind to GD2, suggesting that at least one tyrosine is involved in binding (Dr. Dorothy Herlyn, personal communication). As there is no evidence to suggest that the galactose residue is involved in any interactions with the antibody, this could be modeled away from the binding site. The H3 and L3 loops were targeted as the major loops involved in binding since they are known to be important for specificity (Davies and Padlan, 1990; Stanfield et al., 1993) , and a tyrosine (Tyr L93) is on the L3 loop. The J539 Fab used in the molecular replacement search binds to galactan residues. As the sequence of the L1 loop is identical in J539 and ME36.1, this loop may be important in sugar binding. It is noteworthy that carbohydrate binding proteins often have two distinct globular domains that form a cleft in which the sugar binds (Quiocho, 1986 ). This arrangement is analogous to that in antibodies, where the variable light and heavy domains form an antigen binding site in the shape of a cavity or groove. The preceding observations established four main criteria for modeling: (1) residues from the H3, L3, and L1 loops should interact with the sugar; (2) a tyrosine should interact with the sugar; (3) the sugar should bind in the groove between the variable light and heavy domains; (4) the galactose residue would lie away from the binding site.
An obstacle in modeling the binding of an antigen in a Fab binding site is that it is difficult to predict whether it will occur via an induced fit or a lock-andkey mechanism. It seems most likely that the flexible GD2 sugar will undergo a conformational change as it adopts its antigenic conformation. Moreover, in the cases where structures of both a native Fab and its complex are available, so that movements in the antigen binding site can be observed, at least a small movement occurs (Pokkuluri et al., 1994) . In other cases, a significant movement of the loops occurs (Stanfield et al., 1993; Rini et al., 1992) , and in several cases the V L and V H domains even move with respect to one another upon antigen binding (Stanfield et al., 1993; Herron et al., 1991; Bhat et al., 1990) . Given this spectrum of possible movements, it seemed reasonable to assume that both the Fab and the sugar move during complex formation. Thus, binding was modeled by first minimizing the sugar to a starting model free of steric hindrance. The sugar then was moved manually around the CDR to find possible positions for the antigen binding site. The sugar conformation was adjusted at each position to avoid overlap with protein side chains. One particularly favorable position was found where several hydrogen bonds were formed between the sugar and the residues in the binding site. Conjugate gradient minimization on the complex (the sugar and the Fab), without constraints on either molecule, then optimized the interactions at this position.
Initially, it was thought that a sugar residue should be placed in the aromatic pocket of the binding site (Fig. 5) . However, it was immediately clear from the modeling that this could not occur without moving the protein backbone and making a major rearrangement of the side chain residues to avoid steric interference. The best fit for the sugar was obtained by placing it in the groove in the middle of the binding site that runs perpendicular to the pseudo-twofold axis relating the V H and V L domains. In this position, extensive hydrogen bond interactions would occur between the sugar and the side chain residues from five of the six CDR loops of the Fab. Seven residues in the antigen binding site would have hydrogen bond interactions with the sugar (Fig. 6) . The terminal sialic acid residue would accept three hydrogen bonds from surrounding side chain residues. The O7 oxygen of the glycerol moiety of the sugar would accept a hydrogen bond from Asn H52 of the H2 loop, Tyr L93 of the L3 loop donating a hydrogen bond to the O4 ring oxygen, and Thr H33 of the H1 loop would donate a hydrogen bond to the negatively charged carboxyl of the sugar. The O4 ring oxygen of the second sialic acid residue would accept a hydrogen bond from Ser H100 of the H3 loop. The carbonyl of the N-methylacetamide of this same sialic acid would accept a hydrogen bond from the Arg L90 of the L3 loop. The GalNAc residue would interact with two surrounding residues. The O4 ring oxygen of GalNAc would form hydrogen bonds with the framework residue, Ser L49, of the L2 loop, and Asn L31 would donate a hydrogen bond to the carbonyl oxygen of the amide group of this same sugar. In this configuration, the galactose residue would project from the binding site into the solvent and not interact with the Fab. After the final minimization, the root-mean-square deviation for all atoms of the variable region of the Fab from their original positions was 0.07 Å. The total buried surface area, determined using a probe radius of 1.7 Å, was 413 Å 2 for the Fab and 526 Å 2 for GD2.
Placement of the water molecules in the ME36.1 Fab structure was not attempted until the Fab model was well-refined to a reasonable R factor and showed good stereochemistry. At the comparatively low resolution of 2.8 Å, very strict criteria were employed to define the set of 34 water molecules in the final structure. In this set, 2 water molecules lie in the antigen binding site of the native Fab structure, where they are close to several residues in-volved in binding the sugar. One water forms a hydrogen bond with Asp H50, which is in the vicinity of residue H52 that interacts with the sugar. The other water forms hydrogen bonds with Ser L91 and Ser L30, which are both next to two residues interacting with the sugar (Asn L31, Arg L90) (data not shown). The locations of the water molecules are such that they could remain in the binding site to coordinate hydrogen bond interactions between the sugar and the Fab, thus increasing the stability of the complex. However, as only a slight change in the torsion angles for the sugar would cause these waters to be displaced, this possibility cannot be excluded.
The model for the complex explains the higher affinity of ME36.1 for GD2 than for GD3, which is due to the manner in which the sugar is anchored in the binding site. On one end of the binding groove, a sialic acid residue forms hydrogen bonds with residues from the H1 and H2 loops. At the other end, the GalNAc residue is involved with the L1 and L3 loops and is in close proximity to the residue in the L1 loop (Ser L30) that hydrogen bonds to a water molecule. This water molecule could coordinate hydrogen bonding between the L1 loop and the GD2 sugar. Thus, the presence of the GalNAc residue in GD2 not only contributes additional contacts with ME36.1, but also limits the conformational flexibility of GD2, which may allow it to maintain a more stable antigenic conformation.
DISCUSSION
Comparative studies of antibody structures and their sequences have shown that the main chain conformations for five (L1, L2, L3, H1, H2) of the six CDR loops are limited to only a few possible spatial arrangements (Chothia et al., 1989) . That is, each loop has a distinct conformation, but the same loop can be very similar in different Fabs. The conformations of the ME36.1 Fab antigen binding loops L1, L2 and H1, H2 correspond well to the canonical forms corresponding to their sequences (Chothia et al., 1989) . However, the L3 loop sequence and structure are distinct from other Fab structures reported. Both the L3 loop and the H3 loop, which has no known canonical structure, occur close to the recombination site for the variable and joining regions of the L and H chains (Roitt et al., 1989) . This explains the high variability in the sequences of these loops compared to the others, and it is reasonable to assume that their conformations would be equally as variable (Kabat et al., 1983) .
Attempts to humanize the ME36.1 Ab were unsuccessful in producing a high-affinity Ab to GD2. Once the mouse ME36.1 native Fab structure was available, it was used to identify residues in the human framework region that could be important in maintaining the affinity for GD2. However, the structure did not provide additional clues beyond those that were already intuitively obvious (Dr. Jose Saldanha, personal communication). For example, several residues in both the light and heavy chain framework regions of the human Ab were changed to the mouse sequence, as they were thought important for maintaining correct loop conformations (Chothia et al., 1989) . Other residues that were thought to influence the packing of the V H -V L interface were changed, as the interaction of these two domains affects the spatial arrangement of the CDR loops. In addition, framework residues that might contact antigen and residues putatively identified as glycosylation sites were also examined. Several mouse antibodies have successfully been humanized while maintaining high antigen specificity (Kolbinger et al., 1993) , but inexplicably, others cannot be humanized.
The modeling of the sugar in the binding site of the ME36.1 Fab structure was based on the types of interactions observed in other protein-carbohydrate structures (Vyas, 1991; Quiocho, 1986; Bundle and Young, 1992) . Most of the interactions between the protein and carbohydrate are due to extensive hydrogen bonding and van der Waals forces (Vyas, 1991; Quiocho, 1986) . Additionally, stacking interactions, carboxylates, and water molecules have been implicated in protein-carbohydrate binding.
In most of the non-Fab protein-carbohydrate structures determined so far, the charged carboxylates of aspartate and glutamate and the uncharged polar asparagine and arginine residues are the most frequent acceptors of hydrogen bonds from sugar hydroxyl groups. Main chain polar groups also form hydrogen bonds with sugar residues (Vyas, 1991) . All of these hydrogen bonding interactions facilitate the formation of van der Waals interactions by enabling polar residues in the binding region to approach the sugar (Vyas, 1991) . Two antibody-carbohydrate structures have been solved to date, Se155-4-Salmonella O-antigen complex (Cygler et al., 1991) and BR96-nLe y complex (Jeffrey et al., 1995) . In contrast to the non-Fab protein-carbohydrate structures, the interaction of the sugar with the Fab occurs mostly through hydrogen bonding to tyrosine and tryptophan and to main chain atoms. In the ME36.1 binding site, the interactions of the sugar include charged planar groups (Arg L90, His L33), uncharged polar groups (Ser H100, Asn H52, Thr H33, Asn L31), and an aromatic residue (Tyr L93). The interactions are a combination of those seen in non-Fab-carbohydrate structures and those in Fabcarbohydrate structures. As the binding site of ME36.1 is highly aromatic, consistent with the high frequency of aromatic residues seen in antibody binding sites (Padlan, 1990) , it is conceivable that more aromatic residues are involved in binding GD2 than were modeled. However, as these residues lie in the aromatic pocket, a significant rearrangement of the side chains or loops would be required upon sugar binding, which seems unlikely.
In protein-carbohydrate complexes, aromatic residues are frequently involved in stacking interactions with the nonpolar face of the sugar ring, with tryptophan being the most common (Vyas, 1991) . These stacking interactions confer specificity by constraining the sugar to a particular conformation by sterically hindering other configurations. In contrast, the aromatic residues in the two known Fabcarbohydrate structures are involved in hydrogen bond interactions rather than stacking interactions. The structure of the J539 galactan binding Fab (Suh et al., 1986) , which was used as the search model to solve ME36.1, is only known in its native form and not as a complex with its antigen. The binding site of J539 is also highly aromatic, with two tryptophans and four tyrosine residues. Labeling experiments with deoxyfluorogalactoside and a modeling study with a galactan sugar suggested that antigen binding involves two solvent exposed typtophans (Suh et al., 1986) . The interactions of the sole aromatic residue (Tyr L93) in the ME36.1 binding site with the GD2 sugar model are similar to those in other Fab-carbohydrate structures. Tyr L93 forms a hydrogen bond with the sugar, rather than being involved in stacking interactions. There are no tryptophans in the ME36.1 CDR loops, but other aromatic residues in the binding site (four tyrosines and four phenylalanines) could make stacking interactions with the GD2 sugar similar to those observed with tryptophan. Indeed, there are several tryptophan residues in the framework regions of ME36.1 that are in close proximity to the antigen binding site, and it is conceivable that these are involved in antigen binding. It is not uncommon for framework residues to be involved in antigen binding . However, this is unlikely in the case of ME36.1 since changing human framework residues to tryptophans where these occur in the mouse sequence did not increase the affinity (Jose Saldanha, personal communication). Moreover, a significant rearrangement of the binding site would be necessary for the tryptophan residues to interact with GD2.
Water molecules provide another mechanism for the formation of hydrogen bonds between sugars and protein side chain residues. In the case of antibodyantigen interactions, most if not all water molecules are displaced in an antibody binding site upon antigen binding (Davies and Padlan, 1990) . However, the Se155-4-Salmonella O-antigen complex has a critical water molecule in the antigen binding site that coordinates four hydrogen bonds between one of the sugar residues and several CDR side chain residues (Cygler et al., 1991) . The two water molecules in the native ME36.1 Fab binding site lie close to several residues that interact with the sugar model and are in a position where they can coordinate hydrogen bonds between the sugar and side chain residues. However, a small change in the conformation of the sugar could just as easily cause water displacement upon antigen binding. Although the positions of the two water molecules are consistent with the modeled position of the sugar, and indeed lend it support, it is difficult to make a definitive statement about their role in antigen binding.
It has been proposed that carbohydrate binding antibodies have either groove-or pocket-type binding sites (Cisar et al., 1975) . The BR96 antibody has a deep pocket in its binding site that is 12 Å in diameter and 10 Å deep (Jeffrey et al., 1995) . The Se155-4 antibody has a more shallow binding site, 7 Å in diameter and 8 Å deep, but clearly shows a pocket-type binding site (Fig. 4b) (Cygler et al., 1991) . In comparison, the ME36.1 binding site is approximately 10 Å wide, 8 Å deep, and 20 Å long and creates a groove-type binding site that is long enough to accommodate the carbohydrate chain of GD2 (Fig. 4a) . The contact area in the binding site for ME36.1 is 413 Å 2 , which is consistent with the value for the deep pocket of BR96 (422 Å 2 ) and somewhat more than that for the shallow pocket of Se155-4 (304 Å 2 ).
The molecular model for the interaction of GD2 with ME36.1 Fab is consistent with all types of protein-carbohydrate interactions that have been observed and so presents a reasonable model to explain binding. All four criteria set for the modeling were satisfied: the L3, H3, and L1 loops interact with the sugar; binding involves a tyrosine; the sugar lies in a groove between the domains; and the galactose residue is outside the binding site and does not interact with the Fab. Although previous attempts to obtain cocrystals of ME36.1 Fab-GD2 complex were unsuccessful, trials are continuing. It will be interesting to see whether the interactions of the Fab-GD2 resemble those of the other two Fab-carbohydrate structures or encompass the wider range of interactions observed in other protein-carbohydrate structures. It will also be interesting to see how closely the model predicts the true interaction of the ME36.1 antibody with GD2.
The atomic coordinates for both the ME36.1 Fab crystal structure and the GD2 model have been deposited in the Brookhaven Protein Data Bank (PDB Accession No. 1PSK).
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